Abstract We investigated 12 X-chromosomal short tandem repeat (STR) polymorphisms in 283 unrelated Malay individuals (160 males and 123 females) living in and around Kuala Lumpur using the Investigator Argus X-12 kit. Heterozygosity among the present 12 X-STRs showed a distribution of from 55.3 to 93.5 %. The diversity values of the haplotypes constructed using four closely linked groups were all higher than 0.9865. A comparison of allelic frequency in each system and haplotype variation indicated that the nature of these X-STRs in the Malay population differed from that in East Asian, European, or African populations. Several microvariant alleles found in the Malay population were characterized and compared with known sequence data. The present data may be helpful in forensic casework such as personal identification and kinship testing in the Malay population in Malaysia.
Introduction
The human X chromosome has been the focus of much research in the fields of population genetics and forensics in recent years, and closely linked groups of markers are becoming more attractive [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] . X-chromosomal short tandem repeats (X-STRs) can be used to complement autosomal STRs in paternity testing in female children. Closely linked groups of markers on the X chromosome, in particular, are highly effective in determining relationships with second-generation offspring and can thus serve as a complement to autosomal STRs and mitochondrial DNA polymorphisms. Recently, the Argus X-12 kit, which can analyze four closely linked groups, each composed of three X-STR markers, became commercially available. To our knowledge, no studies have been published on X-STR polymorphisms in the Malay population. Therefore, we conducted a study of 12 X-STRs using the Argus X-12 kit and compared allelic distribution of each locus with that in other populations.
Materials and methods

Samples
Genomic DNA was extracted from tooth samples obtained from 283 unrelated Malay individuals (160 male and 123 female) living in and around Kuala Lumpur. Appropriate consent was obtained from the patients. A family history was also taken to ensure that their parents were of Malay origin. Tribal population samples were not included in the study. This study was approved by the ethics committee of Tokyo Dental College (approval no. 202 and 204) and met the conditions for cooperative study at the University of 
Malaya. Isolation of genomic DNA from tooth samples was performed as described previously [16] , except that tooth samples were decalcified with EDTA for 2 days.
PCR amplification and typing of X-STRs
The DXS10148, DXS10135, DXS8378, DXS7132, DXS10079, DXS10074, DXS10103, HPRTB, DXS10101, DXS10146, DXS10134, and DXS7423 loci were typed using the Investigator Argus X-12 kit (Qiagen, Hilden) according to the manufacturer's instructions, apart from a reduction in the amount of reaction mix used (10 μl). Electrophoresis was performed using the ABI PRIZM 310 Genetic Analyzer (Applied Biosystems) under the conditions described in the manufacturer's recommendations. Fragment sizes were automatically determined using the GeneScan Analysis software 3.1 (Applied Biosystems) and results analyzed using the Genotyper ver. 2.5 (Applied Biosystems). Moreover, microvariant alleles of DXS10148, DXS10134, and DXS10079 were amplified using primers as described previously [11] . Sequencing of new alleles was performed on the ABI 3130 Genetic Analyzer using the BigDye Terminator v 1.1 Cycle Sequencing Kit (Applied Biosystems) according to the manufacturer's instructions.
Statistical analysis
Observed heterozygosity (H obs ), polymorphism information content, power of discrimination in females, power of discrimination in males, and power of exclusion were also calculated with the PowerStatsV12 software (http://www. promega.com). Comparison of allele frequencies between populations were compared by the G test using R software (version 2.14.1, http://www.r-project.org/). Linkage disequilibrium and Hardy-Weinberg equilibrium were tested with the exact test using GENEPOP software (version 4.0.10, http://genepop.curtin.edu.au).
Results and discussion
Population study using Argus X-12 kit A total of 160 unrelated male and 123 unrelated female individuals from the Malay population living in and around Kuala Lumpur were analyzed using the Investigator Argus X-12 kit. No significant differences were observed in allele frequencies between male and female in any of the loci (P> 0.02284). The combined allele frequencies for both male and female are shown in Table 1 together with the statistical parameters. The distribution of allelic frequencies in females was not significantly different from the Hardy-Weinberg equilibrium (P > 0.1988). Although degree of diversity (Table 1) , most of the loci in the Argus X-12 kit were fairly informative in the Malay population, with observed heterozygosities of over 0.553 (DXS7423). Calculation of the combined power of discrimination of the 12 loci showed 0.999999997 and 0.999999999999993 for males and females, respectively.
Because no data have been reported on X-STR polymorphisms in the Malay population, we compared allelic frequencies of the 12 loci with those of East Asian [6, 11, 12] , European [Germans from X-STRorg (http://www.chrx-str. org)], and African populations [13] to determine the general features of the X-STRs in the Malay population (Table S1 ). Among 11 of these 12 loci (excluding DXS10103), significant differences were observed in allele frequencies in 9 loci (P< 0.0023, excluding DXS10135 and DXS8378) between the present data and the data of a Japanese population [11] . The present data showed significant differences in 9 of the 12 loci in comparison with the Korean population (P<0.0021; excluding DXS7132, DXS10103, and DXS10146) [6] , and in 7 loci in comparison with the South Chinese population (P<0.0000001; excluding DXS10135, DYS8378, HPRTB, DXS10146, and DXS10134) [12] . The data also revealed significant differences in 10 of the loci in comparison with the German population (P<0.0012; excluding DXS10135 and DXS10103; X-STRorg) and in 11 loci in comparison with the Somali population (excluding DXS7132) [13] . These features suggest that allelic distribution of many X-STRs in the Malay population differs from that in East Asian, European, and African populations. Allelic distribution of DXS10074 in the European population was bimodal, with the highest frequencies at alleles 8, 16, and 17 or 18 [8, [17] [18] [19] . A peak at allele 8 was also found in African populations [17, 19] , but has not been reported in East Asian populations [6, 11, 12, 20] . This group of alleles was observed in the Malay population at a frequency of 2.65 % (11 individuals), suggesting that this is yet another group not derived from East Asia that is contained in the Malay X chromosome.
Microvariant alleles
Several rare alleles were found in the Malay population (Table 2 ). In DXS10148, large alleles 40.1 and 31 were observed. Although allele 40.1 is the largest one found so far in an East Asian population [6, 11, 12] , large alleles are fairly frequent in Algerians and Ivorians [14, 21] . The largest allele so far found in East Asians was 33.1 in Korean [6, 11, 12] . The frequencies of larger allele than 35.1 found in the African populations were 5.1 % in Algerians and 12.1 % in Ivorians. Because no repeat structure for allele 40.1 has yet been demonstrated in Ivorians, we compared it with allele 38.1 in the Danish population [13] , alleles 38.1 and 41.1 in the Algerian population [21] (Table 2) , and other alleles reported so far [4, 6, 11, 13] (Table S2 ). As shown in Table 2 , a few mutational events appear to have occurred in the common allelic structure. However, structure appears to be partly similar to the allele in Danes but dissimilar among the known alleles. Allele 31 was also found in Swedish population [15] , and similar-sized alleles in Somalian populations [13] , but was the largest one found in East Asians among alleles designated by an integer ( Table 2 ). The repeat structural pattern was the same as that of the common allele designated by an integer. The second largest repeat number of an allele designated by an integer in the Malay population a Microvariant alleles found in this study was 22, suggesting the uniqueness of the allele 31 in the Malay population. Allele 29.2 was the smallest allele including 0.2 at DXS10134 as reported so far. It had a deletion of a 6-bp repeat motif, GACAGA, in its complex repeat structure, unlike in common alleles designated by an integer (Table 2 and S2). A Japanese microvariant, 35.2, however, had the same motif (Table 2 (Table 2 and S2). Allele 33.2 has been reported in the Somali population [13] . Although its repeat structure remains to be determined, various patterns appeared at 10134 due to the complexity of its repeat motif.
Allele sizes other than those indicated by an integer are not frequent in many populations at DXS10079 [6, 11, 12 Linkage equilibrium analysis and haplotype Based on the results of typing for the 12 X-STR loci, a test for linkage disequilibrium was performed for all pairs of loci in the Malay population (Table S3) . A significant deviation was observed between pairs DXS10103-HPRTB and DXS10103-DXS10101 in linkage group 3, and between pair DXS10146-DXS10134 in linkage group 4. However, no significant difference was observed between each of the other loci. The tendencies of deviation for linkage disequilibrium were different between the Malay and other populations, such as Japanese [11] , Chinese [12] , Swedish [15] , and Ivorian [14] . To allow further comparisons and possible usage in forensic cases in the Malay population, the data have been presented as haplotypes (Table S4 ).The compiled data on haplotypes of the four linkage groups in the present study are shown in Table S5 together with those of Japanese [11] Korean [6] , Greenlander [13] , German [X-STRorg], Swedish [15] , Danish, Somali [13] , and Ivorian populations [14] . Haplotype diversity in the present study in each group showed distribution within 0.9865-0.9973. In the Malay population, the order of values was highest in linkage group 1, followed by groups 4, 2, and 3. The value of linkage group 1 was the highest among all reference populations.
However, the order of values among linkage groups 2, 3, and 4 differed depending on the reference population.
In conclusion, we characterized 12 X-STR polymorphisms in the modern Malay population using the Investigator Argus X-12 kit. Most of the loci examined were fairly or highly polymorphic, and the four closely linked groups, each composed of 3 X-STR markers, also showed a highly polymorphic nature in the Malay population. The present results will afford useful information for forensic casework in Malaysia.
